Abstract. The main magnetic characteristics regarding the domain structure and magnetization processes (axial, circular and Matteucci and inverse Wiedemann effects) of amorphous wires and glass-coated microwires are analysed. Magnetic bistability, spontaneously observed in samples with large enough ratio magneto-elastic anisotropy with axial easy axis to shape anisotropy, is the main source for a number of sensor applications in pulse generators, position and field sensors, encoded security tags, rotational counters, magnetostrictive delay lines, and so on. The relevant perspectives of the novel giant magneto-impedance effect recently reported and observed in non-magnetostrictive samples are also introduced.
Introduction
Ferromagnetic amorphous alloys are among the softest magnetic materials currently used for technological applications. They are mostly obtained in ribbon shape by melt-spinning techniques and as an example of their magnetic softness, they show hysteresis loops with coercivity in the range of several A m −1 and susceptibility up to around 10 5 [1, 2] . Metallic glasses are used in various applications as sheets in relatively small transformers, for magnetic shielding, in magnetically encoded security tags, for a series of different magnetic and magnetoelastic sensor devices, and so on.
On the other hand, the study of the magnetic properties of ferromagnetic wires is an old topic in technical magnetism. As already shown in the classical paper by Sixtus and Tonks [3] and in subsequent works for a positive-magnetostriction wire submitted to tensile stress, the longitudinal magnetization process consists of a large Barkhausen jump generated by the quick propagation of a domain wall. More recently, the technical realization of such an outstanding magnetizaton process was used by Wiegand for a series of sensor devices for detecting magnetic field, position and velocity or rotary encoder sensors [4] . The so-called Wiegand wire is made of a CoVFe alloy through a particular processing so that the wire consists of a magnetically hard shell covering a magnetically softer core in which an axial easy magnetization direction is magneto-elastically induced by the stresses generated at the core by the shell. Similar magnetic behaviour can also be observed in composite wires whose nucleus is made of a soft alloy covered by a magnetically harder material. These composite materials require complex fabrication processing and serve adequately as pulse wires [5] .
Throughout the 1980 s and later, an increasing interest has also been focused on amorphous materials with a cylindrical shape whose preparation is facilitated by the use of improved fabrication techniques. The magnetic behaviour of amorphous alloy wire obtained by the technique of quenching in rotating water has recently been reviewed in a series of papers regarding aspects such as fabrication [6] , the magnetization process [7] and magneto-elastic properties [8] . The typical diameter of such an amorphous wire is around 120 µm, and its most attractive magnetic property is probably the possibility of its exhibiting the very peculiar magnetization process characterized by a single and quite large Barkhausen jump (at fields of around 0.1 Oe) between two stable remanent states, giving rise to macroscopic squared hysteresis loops [9] . Regarding the composition and according to the magnetostriction value (which finally determines the magnetic behaviour), three main groups of amorphous wires can be distinguished: (i) Fe-based alloys with positive and relatively large magnetostriction (of the order of 10 −5 ), (ii) Co-based alloys with negative magnetostriction (of the order of 10 −6 ) and (iii) Co-based alloys with small additions of Fe exhibiting vanishing magnetostriction. A table collecting the main magnetic parameters of wires as a function of the composition can be found elsewhere [10] .
Alternative production methods based on Taylor's classical method for producing tiny fibres have also recently been used to fabricate glass-coated amorphous microwires [11, 12] . In this case, the diameter of the microwires in in the range 5-20 µm and the thickness of the coating is around 2-5 µm. These amorphous microfibres can also exhibit magnetic bistability, although typically with larger coercivity (around 100 A m −1 ) [13, 14] . In the following, where not expressly mentioned, we will simply use the labels wire and microwire for the material obtained by either the in-rotating-water or the extracting quenching techniques respectively.
Typical longitudinal hysteresis loops of Fe-based amorphous material with different shape and similar composition are collected in figure 1 for applied magnetic fields slightly larger than the coercivity. Figure 1(a) shows the loop of an amorphous ribbon, figures 1(b) and (c) correspond to an amorphous wire and to a glasscoated amorphous microwire respectively. Both wires show magnetic bistability, that is, a single Barkhausen jump giving rise to a squared loop in opposition to the amorphous ribbon.
The origin of the squareness of the loops of the wire material shown in figure 1 is related to its particular domain structure. In a simplified overview, the domain structure in a remanent state is conventionally considered as being formed by an inner cylindrical axially magnetized single domain and an outer sheath multidomain structure with transverse easy axis [9, 15] (see figure 2) . Upon application of an axial magnetic field antiparallel to the remanence, the magnetization reverses its orientation within the core at a critical or switching field. In the meantime, as well as for larger fields, magnetization in the sheath slowly but continously changes orientation towards the axis. A chief characteristic of bistable magnetic behaviour is the impossibility of reaching the demagnetized state; that is, for fields smaller than the switching one, the magnetization remains close to one of the two stable remanent states. The fractional radius, r c , of the core can be roughly estimated from the ratio, m r , of remanence to saturation magnetization as r c = (m r ) 1/2 [16] . Even though the study of this bistable magnetic behaviour (squared loops) has an intrinsic interest linked to the involved micromagnetic process of magnetization reversal, the main interest finally concerns the technological usefulness of the magnetic material (for a review of conventional applications see [17] ). This applicability depends on the macroscopic magnetic parameters which can be adequately modified by thermal and mechanical treatments (structural relaxation, nanocrystallization, cold drawing and so on).
Applications in devices taking this amorphous wire material as sensing element make use of various magnetic properties and effects. In particular, the very magnetic bistability itself can be thought of as the main source for such applications as pulse generators, magnetic encoding or rotational speed counters. Other applications make use of the magneto-elastic properties of highly magnetostrictive wires in some biomedical sensors or in delay lines. The giant magneto-impedance effect can also be used for devices such as field and current sensors. In the case of the tiny microwires some potential applications are connected with their reduced size in microsensors, or with their outstanding behaviour in the range of high frequencies.
The objective of this work is to present an updated review on the general micromagnetic aspects regarding the domain structure and the bistable magnetic behaviour of amorphous wires and microwires as well as to give an overview of some of the novel applications based on the outstanding properties of amorphous wires. The domain structure originating from the balance between magnetostatic and magneto-elastic energy contributions is discussed first. The domain structure actually determines whether the magnetic bistability exists and knowledge of the domain structure helps one to understand and foresee new branches of applicability. In the following sections we consider the different magnetization processes of (i) the axial (M z -H z ) hysteresis loop, (ii) the circular (magnetoinductive effect, M φ -H φ ) hysteresis loop and (iii) the non-diagonal or crossed hysteresis loops (the inverse Wiedemann effect, M z -H φ , and the Matteucci effect, M φ -H z ). In each section, the main applications based on the particular magnetization process are also described.
The domain structure
The typical bistable magnetic behaviour shown by amorphous wires and microwires is given in figures 1(b) and (c) respectively. Let us now discuss the relationship between such particular behaviour and the domain structure of the wires in one of the stable remanent states. Neglecting the magnetocrystalline anisotropy owing to the amorphous nature of the samples, one must consider magnetic anisotropies of two kinds determining the domain structure, namely the shape anisotropy whose origin lies in geometry factors and the magneto-elastic anisotropy arising from the coupling between magnetostriction, λ, and internal stresses, σ , frozen-in during the fabrication process [18] .
The magneto-elastic anisotropy is then a consequence of the internal stresses frozen in during the fabrication process.
As shown in figure 3 , a complex radial distribution of internal stresses with axial, radial and circular components is generated [19, 14] . These internal stresses are activated by the strong thermal gradient during the fabrication process. Then, the easy magneto-elastic direction results from the balance of the various components of stresses. In the general case, a cylindrical core is well defined with an axial easy axis. The external shell, in turn, exhibits a transverse easy axis. In the case of samples with positive magnetostriction (Fe-based wires) the easy magnetization direction at the shell is radial, whereas for negative-magnetostriction wires (Co-based wires) it becomes circular. The border between core and shell mainly results from the change in sign of the predominant stress components, as can be observed in figure 3 .
On the other hand, owing to the highly elongated shape, it can be thought of as a large effective shape magnetic anisotropy with volume energy density E σ = 1 2 NM 2 s , N being the longitudinal effective demagnetizing factor. Even though the radius-to-length ratio of the wires is very small there can be a large magnetostatic energy stored at their ends [16] . In order to decrease such magnetostatic energy, a closure domain structure tends to form at the ends of the wires, so that the decrease in magnetostatic energy corresponds to the energy stored in such closure domains. The closure domain structure extends into the wire to a distance L, which can be understood as a correlation length denoting the balance between energies from magnetostatic and magneto-elastic origins. A simple derivation equating the magnetostatic energy without closure domain and the average magneto-elastic anisotropy spread into the core of the wire along a distance L, leads to
where R denotes the radius of the wire and σ the equivalent average stress within the core. A critical length at which to observe bistable magnetic behaviour can be then defined as twice the value of L given in equation (1) . In the case in which the length of the wire is less than Figure 3 . Radial distribution of axial, σ z , radial, σ r and circular, σ φ , stresses frozen in during the fabrication process for (a) amorphous wire and (b) glass-coated microwire. x denotes the reduced radial coordinate, x = r/R, R being the radius of the wire (120 and 10 µm respectively). In (b), R includes the thickness of the coating, and the metallic nucleus reaches out to x = 0.5.
this critical length, closure domain structures coming from both ends overlap, so that the inner core results in a multidomain structure and magnetic bistability (a single Barkhausen jump) is no longer observed. The minimum critical length at which to observe bistability takes a value, for typical Fe-based samples, of around 7 cm in the case of amorphous wires [20] and a few millimetres for the glass-coated microwires [13] (in this case, the internal stresses depend on the thickness of the glass coating), which fits reasonably well to equation (1) for σ = 200 and 1000 MPa respectively. The domain structure as determined by the internal stresses is shown schematically in figure 2. However, experimental evidence for the existence of the mentioned closure domain structures has been previously found [21, 22] by domain pattern observation and by magnetization and susceptibility profiles determination. Figure 4 (a) shows the domain pattern of an axially polished amorphous wire close to one end. The presence of various axial domains at the end of the inner core corresponding to that closure domain structure is clearly observed. Figure 4 (b) indicates the magnetization profiles for an amorphous wire and for a glasscoated microwire [7, 14] . The above-introduced correlation length takes a value of around 3 cm in the case of the amorphous wire and around 0.1 cm for the microwire.
Magnetic bistability is lost when the single domain inside the core disappears.
In principle, the core should always exist, although its radius will depend on the particular stress distribution and the magnetostriction value. In low-magnetostrictive amorphous wires, the above-mentioned correlation length becomes quite large so that, for conventional lengths, the core consists of a multidomain structure.
In the case of glasscoated amorphous microwires with large and negative magnetostriction, the shell practically occupies the whole volume as a consequence of the rather strong circular magneto-elastic anisotropy.
Thermal and mechanical treatments can significantly modify that domain structure. In particular, single heat treatments relieve the internal stresses, increasing the above-introduced correlation length and finally resulting in the disappearance of magnetic bistability. Nanocrystallization of FeSiBCuNb wires also leads to the disappearance of bistability [23] as a consequence of the averaging out of the effective macroscopic magnetic anisotropy. Annealing under mechanical stresses can induce magnetic anisotropies with the corresponding modification of the domain structure. For example heating under applied torsion induces a helical easy axis, as will be analysed later. Finally, cold drawing induces quite large stresses, destroying the single domain core, which can nevertheless be recovered by subsequent heating treatments, finally resulting in bistable wires. After somewhat complex treatments, the wire shows bistability with a critical length as small as around 2 cm for a typical Fe-based alloy composition [24] .
The axial magnetization process and its applications

The magnetization reversal process
Magnetic bistability, as shown in figure 1 , is spontaneously observed in samples characterized by a strong magnetoelastic anisotropy with longitudinal easy axis, that is, for large values of the magnetostriction and of the internal stresses. This is achieved with Fe-or Co-based amorphous wires with high magnetostriction (irrespective of its sign). For glass-coated amorphous microwires, bistability is observed in Fe-based alloys having positive magnetostriction even when the magnetostriction takes quite small values [14] . This must be ascribed to the large values of the internal stresses in comparison with those in the other amorphous wires.
When applying a longitudinal magnetic field antiparallel to the remanence, the already existing closure domain structures at the ends enlarge towards the centre of the wire. At the switching field, the domain wall from one of the two closure structures de-pins and irreversibly moves towards the other end giving rise to the sharp change in magnetization. This wall propagation mode can be either alternating, from a different end after each reversal, or unidirectional, depending on external agents such as magnetic fields or applied stresses. The propagating wall velocity depends on the strength of the anisotropy in the core and on the field intensity (when performing the Sixtus-Tonks experiment) and typically takes values of order 50-500 m s −1 [25] . During propagation the shape of the wall is quasi-planar [7] or conical [10] according to different authors. Further details on the propagating wall shape, which is several centimetres long in amorphous wires, and on its dynamical aspects can be found elsewhere [26, 27] . Figure 5 shows schematically the domain structure during the magnetization reversal process inside the inner core.
Magnetic bistable behaviour appears in samples with a well-defined single-domain inner core. The particular value of the switching field depends on the thermal history as well as on applied mechanical stresses [28] . In short, that field has been proved to depend on the energy density stored in the walls defining the closure structure at the ends, as well as on an effective macroscopic de-magnetizing field, H d , as [16] H s = γ (AK)
where γ is a geometry factor for the walls and A and K are the exchange and anisotropy constants determining the energy stored in the wall. In summary, the appearance of axial magnetic bistability requires the existence of a strong enough magneto-elastic anisotropy with an axial easy axis. This requirement is not fulfilled in two cases: (i) with amorphous wires with very low magnetostriction, for which the weak axial magneto-elastic anisotropy easily allows the appearance of a multidomain structure at the inner core [29] , and (ii) with glass-coated microwires with large negative magnetostriction, since in this case the circular transverse anisotropy is so strong that it prevents the very existence of a proper core with an axial easy direction [14] .
Applications making use of the axial magnetization process
The existence of the large Barkhausen jump and consequently the sharp induced voltages on pick-up coils wound around an amorphous wire when magnetizing longitudinally are the basic principles for technological applications. Maybe one of the first intended applications was the use of the mentioned behaviour for pulse generators [30] . Very sharp pulses with the smallest possible jitter are required for this purpose. For as-cast Fe-based wire from Unitika Ltd, Japan, the typical induced voltage on the coils is 0.5 mV per turn (120 µm wire diameter) and a width of around 50 µs for 60 Hz sinusoidal exciting field. A minimum length of about 7 cm is needed to detect peaks with such characteristics, which is related to the existence of bistability itself as discussed earlier. In comparison with conventional Wiegand wire (Echlin Sensor Co, USA), the jitter of the pulse is around 1/10 and the pulse height is larger even though the cross section is smaller [31] . The shape of the induced signals is also sharper than in the case of twisted Fe-based amorphous ribbons (namely a pulse width of around 150 µs). On the other hand, heating treatments applied to cold-drawn wire can improve the characteristics of the induced peak to 0.3 mV per turn (for 50 µm wire diameter) and width down to 15 µs with a minimum critical length of around 2 cm [24] . The characteristics of induced peaks in glass-coated microwires are very promising, in particular for miniaturized devices. In this case, Fe-based microwires (Amotec, Moldavia) show induced peaks with width smaller (typically less than 50 µs) than as-cast wires; the height of the peaks is around 0.03 mV per turn (for 12 µm metallic wire diameter) and the minimum critical length is less than 2 mm. In the case of these microwires as well as for cold-drawn wires, the switching field can be tailored between 20 and 6 × 10 3 A m −1 , depending on the annealing conditions [14] . Pulses induced by FeSi single-crystal wire with vanishing magnetostriction (Toyobo Co, Japan) also exhibit characteristics comparable to those of Unitika wire. In this case, high reliability against mechanical vibrations is obtained [32] . Finally, a large Barkhausen jump and an induced signal by magnetization reversal in composite wires (soft magnetic core and hard magnetic shell) from Vacuumschmelze GmbH, Germany, are also of interest for sensor applications (0.1 V per turn for 200 µm diameter wire at 50 Hz) [33] .
A quite important consequence of the large Barkhausen jump is the high-harmonics response of the induced signal [34] . For example, in the case of Fe-based amorphous wire, an exciting frequency of 60 Hz generates higher frequency (around 10 kHz) harmonics having an amplitude around ten times larger than that for permalloy material. The frequency spectrum is even extended up to around 60 kHz in the case of cold-drawn wire [31] . This property can be used for security sensor systems. Applications in the case of the composite wires mentioned above are also oriented towards magnetic markers owing to their ability to be partially de-magnetized by magnetizing the shell [33] . On the other hand, a magnetic card with adequate attached amorphous wire material presents an outstanding response that is easy to distinguish from that of other magnetic material close to the card. Wire sensor elements must be chosen so as to exhibit well-differentiated switching fields, which can be achieved by adequate annealing treatments [34, 35] . Nonetheless, some technical problems arise from the magnetostatic interaction among different magnetic wires.
Another system for encoding, in this case for rotary encoding, is based on the same principle as that for the simple revolution counter which is depicted in figure 6 . Two sets of hard magnets with elongated shape and creating antiparallel magnetic fields (set and re-set magnets) are attached to a rotor. Close to the rotor, fixed bistable wires become magnetized and re-magnetized after turning of the rotor, so inducing two opposite voltage signals on a pick-up coil wound around the amorphous wires. Alternatively, and in the case of an incremental rotary encoder, two magnets are fixed and a system of multiple bistable wires is attached to the lateral surface of the rotating disc. Sensitivity and signal-to-noise ratio depend on parameters like field homogeneity, the distance between neighbouring magnets and the relative length of the sensor wire with respect to the length of magnets. Further details on magnetic revolution counters and rotary encoders based on pulse and amorphous wires can be found in [36, 37] .
A kind of position and displacement sensor is based on the wall propagation during the switching of bistable wire (see figure 6 ). Position is sensed by measuring the time interval between the pulses induced on a fixed coil and another separated by the distance to be measured. Better accuracy is obtained using wires of the smallest possible width for the induced pulse when re-magnetizing. A typical sensor based on this principle is described in [38] , which has a sensitivity on the sub-micrometre scale. Characteristics of the width of the induced pulse for different wires have been discussed above. Tensile stress in positive-magnetostriction wires improves the sensitivity owing to the reduction in length of the propagating wall. Nevertheless, jitter caused by ambient fields and Figure 6 . Two main applications making use of magnetic bistability: (a) a position sensor in which the distance, d , between coils C 1 and C 2 wound around the wire, W, is measured through the time interval, t, of signals picked up by the coils provided that the propagation speed is known and (b) the principle of the measuring technique of a revolution counter and a rotary encoder, in which the rotating disc bears a series of magnets, creating opposed fields that magnetize and re-magnetize the bistable wires attached to a holder. inhomogeneity in the cross section is the origin of the main problems of sensors of this kind.
Two-core resonant multivibrator bridge circuits were some time ago successfully developed for sensing magnetic fields. Typically, amorphous ribbon material was used as the sensing element. Alternatively, two-core type fluxgate magnetometers have also been described using nearly nonmagnetostrictive amorphous wire. Sensors of this kind detect the variations in magnetic flux upon application of external fields in the widely linear quasi-non-hysteretic region of the loop corresponding to the initial process of magnetization by rotation. Some advantages of these magnetometers using amorphous wire are related to the higher working frequency (about 10 kHz) compared with conventional fluxgates using permalloys and ferrites, the possibility of miniaturizing (a few millimetres) and the wide linear operation region. Devices with a single core are also used as displacement sensors. The different alternatives have been described in [30, 37] .
A recent application for magnetic sensors of this type concerns biomedical applications; for example, sensing the variation in magnetic field produced by vibrations of small magnets attached to the human skin. This has been applied for mechanocardiograms [39] and for eyelid and articulatory movements of the tongue during speaking [40] . On the other hand, two inductively coupled coils with an amorphous wire core (one of them placed underneath the skin) are used for transcutaneous energy transmission in implanted medical devices (such as for muscle stimulation and cardiac assistance) [41] .
The different magnetomechanical effects and their application to sensors have been reviewed in [42, 43] ; more particular applications were considered in [44, 45] . The magneto-elastic properties are used in magnetostrictive delay lines for position sensor devices [46] and for sound velocity measurements [47] . Arrays in two dimensions of delay lines using amorphous ferromagnetic wire allow the development of digitizers with improved properties with regard to ribbon material [48, 49] .
A particularly commonly used type of magneto-elastic sensor is the non-contact torque sensors. Since a direct measurement of the angle of twist is difficult owing to its smallness, typically the twist is evaluated through the stress sensitivity of the magnetic susceptibility of the sensing element which is fixed onto the shaft where the torque is to be measured. Two sets of sensing elements (amorphous ribbon or wire material) are helically wound (in opposed helices) around the shaft. The sensor makes use of the differentially induced voltage on a coil wound around the shaft. When twisting, one set of elements is stressed while the other is compressed so that the sensitivity of the non-contact torque sensor is improved [50, 51] . The main problem arises from the contact between the sensing element and the shaft. Glues introduce inhomogeneous stresses in ribbon material, which reduces the figure of merit and increases the hysteretic effect. Technical improvement is achieved by using magnetostrictive wire material which can be wrapped without glueing.
The circular magnetization process
The circular hysteresis loop
In this section we deal with the change in the circular component of the magnetization, M φ , upon application of a circular magnetic field, H φ [52] . This circular magnetization process has also been called the magnetoinductive effect [53] . Typically, the circular field is created by the flow of a current, I , along the wire. The generated magnetic field is radially inhomogeneous, according to
r and R being the radial coordinate and the radius of the wire, respectively. The value of I should not be too high in order not to increase the temperature of the wire (typically 10 mA is enough to get a large enough field without increasing significantly the temperature). On the other hand, changes in the circular magnetization induce a voltage at the ends of the wire, which adds to the voltage generating the circular magnetic field. This magnetoinductive voltage is proportional to the time derivative of the circular component of magnetization:
where L w is the length of the wire. Consequently, to obtain the circular magnetization requires the integration of that voltage. The experimental details of how to record the circular hysteresis loop can be found elsewhere [52, 54] . A comparison between axial and circular hysteresis loops and the corresponding coercive fields was also reported in [54] . Figure 7 shows a schematic view of the magnetization orientation before and after its reversal under a circular field and the corresponding magneto-inductive hysteresis loop. Because amorphous wires with negative magnetostriction present a roughly circular easy magnetization direction, their circular magnetization process typically involves relatively large Barkhausen jumps. Nevertheless, proper circular magnetic bistability is observed after convenient heating treatments. Nearly non-magnetostrictive wires can show circular bistability after inducing homogeneous enough circular anisotropy by adequate annealing under applied stress [54] . In this case, the axial magnetization process behaves as if it were quasi-anhysteretic.
For applications based on this circular magnetization process, circularly non-bistable wires are nevertheless the most interesting ones and in particular those exhibiting the softest circular magnetic behaviour. The latter is achieved in samples with vanishing magnetostriction but with the magnetostriction being negative in sign. Here, internal stresses frozen in during the fabrication create a very weak magneto-elastic anisotropy with the circular easy axis at the shell, whereas the core consists of a multidomain structure with an axial easy axis [29] .
The giant magneto-impedance (GMI) effect
When measuring the impedance of the amorphous wire, the four-probe or some similar technique is used, in which a current passes through the sample and, from measurement of the voltage at the ends, the impedance is evaluated. In the present case, the induced magneto-inductive voltage actually represents an additional contribution to the DC impedance, as mentioned above.
Accordingly, the evaluated effective impedance increases. As calculated in [55] , the maximum relative change in impedance originating from the magneto-inductive voltage is given by
so that this variation in impedance increases with the circular susceptibility, χ φ , and the frequency, ν, of the current through the wire and decreases with increasing resistivity, ρ. Some technological applications based on this magneto-inductive effect have been reported [56, 57] . Such a relative change in impedance is nevertheless restricted to the low-frequency range. At high enough frequencies, equation (5) is no longer valid owing to the skin effect. In this case, we are dealing with the so-called giant magneto-impedance (GMI) effect. Although based on classical electrodynamics, this effect has very recently been reported for amorphous wires. In short, it consists of a large decrease in the electrical impedance of the material when it is submitted to DC magnetic fields provided that a high-frequency, low-intensity AC current flows along the wire. The impedance is measured by means of the conventional four-probe technique and, consequently, it can be considered to be an extension of the magnetoinductive effect to a higher frequency range. Interest in GMI has rapidly spread owing to its similarity to the giant magnetoresistence effect and, in fact, the origin of the two effects was initially thought to be the same [58, 59] .
As described above, an AC current flowing along the wire creates an inhomogeneous AC magnetic field. In the case of very high frequency, the skin effect confines the penetration of such a field to a reduced surface shell, giving rise to changes in the ohmic and inductive components of the impedance [60] [61] [62] . The skin penetration depth, δ, can be expressed as
The total impedance, Z, is related to that penetration depth through the expression
where R dc is the ν = 0 resistance and J i are the Bessel functions with k = (1 + i)(R/δ).
According to equation (6) , changes in impedance can be produced by modification of the resistivity and the permeability [63, 64] . The circular magnetic permeability is strongly reduced by the presence of an external biasing Figure 8 . The DC axial field-dependence (a) of the giant magneto-impedance effect (GMI) at various working frequencies and constant AC current (10 mA RMS) along a nearly non-magnetostrictive wire and of (b) the GMI voltage at the ends of the wire in the case in which the AC current is initially set but is not kept constant during the time of application of the DC field. magnetic field.
Consequently, the penetration depth increases with the external field and the total impedance decreases in a parallel way. Alternatively, changes in permeability can be brought about by applying mechanical stresses or by modifying the resistivity, for example via nanocrystallization. Figure 8(a) shows a typical example of the change in impedance in a nearly non-magnetostrictive Co-based wire as a function of DC axial field when performing the experiment with a constant AC current through the wire (10 mA RMS) and at different working frequencies. In turn, figure 8(b) shows the change in total voltage at the end of the wire when initially a given AC current is set and then the DC field is applied. Note that, in this latter case, the current no longer remains constant after the application of the field.
This effect can be practically used in magnetic sensors for detecting DC magnetic fields. It should be noted that a large GMI is obtained by applied fields of the order of several oersteds or less, which is several orders of magnitude smaller than the field required to observe the giant magnetoresistance effect. Also, the change in GMI at the lowest magnetic fields is outstandingly sensitive.
Several attempts are presently in progress to develop this kind of magnetic field sensor [65, 66] . Alternatively, the GMI effect can be used for measuring electrical current just by detecting the magnetic field created by such a current.
Crossed hysteresis loops
Matteucci and inverse Wiedemann effects
We understand crossed hysteresis loops as those for which the magnetization is measured along a direction transverse to that of the applied magnetic field. In this section we are dealing primarily with M φ -H z and M z -H φ hysteresis loops, also called Matteucci, ME, and inverse Wiedemann, IWE, effects respectively. These effects have been reviewed elsewhere for the case of ribbon-shaped amorphous alloys [2] . The application of a field in a given direction results in a change in magnetization along a transverse orientation only when the magnetization initially has components along both directions, namely that of the applied field and that of the measured magnetization (see figure 7) . Because we are considering the axial and circular orientations, the simplest way to introduce axial and circular components of magnetization is to apply a torsional stress, τ , resulting in a magneto-elastic anisotropy energy density which to a first approximation is given by
where µ and ξ denote the shear modulus and the torsional strain per unit length respectively. The easy axis for the magnetization introduced by this anisotropy is helical, that is, at 45
• with respect to the axis of the wire and its strength is maximum at the surface and minimum at the axis.
Helical magnetic anisotropy can then be induced by applying torsional strain but also by heating treatments in the presence of a torsional stress [67, 68] . In this latter case, the induced anisotropy depends on the temperature and time of annealing as well as on the strength of the applied torsion. In both cases, provided that the sample exhibits axial magnetic bistability, the wire will show IWE bistable behaviour with the same switching field as that of the circular magnetization process. Alternatively, the ME will also be bistable with the same switching field as for the axial magnetization process.
The occurrence of spontaneous IWE and ME effects without helical anisotropy being induced indicates the existence of a certain, although small, intrinsic circular component of magnetization in the inner core of the bistable wire [19] or at least at its boundary with the outer shell. When a radially inhomogeneous helical anisotropy has been induced, the switching field, H s , is given by the expression [68] H s = ζ 1/2 (9) where the coefficient depends on the exchange and magnetostriction constants and on the propagating wall shape.
Finally, we think it of interest to summarize briefly some consequences related to the direct Wiedemann effect. This classical magneto-elastic [69] effect consists of the spontaneous magnetostrictive torsional deformation of a ferromagnetic wire submitted to a helical magnetic field. The helical field is achieved by the simultaneous application of an axial field (created by a solenoid) and a circular field (originating from the flowing of a current through the wire). Actually, a perfect helical path is not achieved owing to the radial inhomogeneity of the circular field together with the radial homogeneity of the axial field. This phenomenon was used in amorphous ribbons for direct measurement of the magnetostriction constant [70] .
This effect has recently been studied for amorphous wires [71] by applying simultaneously an axial DC field and a circular AC field. To allow the flow of current through the wire and the free torsional deflections, a very tiny Cu wire is soldered onto the end of the wire. In fact, not only torsional deformation (via the reflected light of a laser source) but also the induced voltage arising from changes of axial magnetization (by means of a pick-up coil around the wire) can be measured and correlated. Resonant peaks are obtained for free and forced oscillation modes. In the case of exciting frequencies much higher than the resonance frequency, a bifurcation behaviour is observed in the spectrum of frequencies when analysing the Fourier transform of the mentioned induced voltage [72, 73] . A typical chaotic system is detected when analysing the corresponding phase diagram (see figure 9 ).
Torsion-related applications
The Matteucci effect has been used for a series of pulse generators in amorphous wires. The Matteucci voltage simply corresponds to the time derivative of the circular flux. Under applied torsion the crossed magnetization process is favoured, originating an enhancement of the Matteucci induced voltage at the ends of the sample and a decrease in the pulse width with the corresponding jitter reduction [74] .
A particular Matteucci effect, called the perpendicular Matteucci effect, has also been considered, whereby the exciting AC field is created by a small coil oriented perpendicularly to the axis of the wire. The wire can be folded for increasing sensitivity. This effect has been used for a data tablet with an amorphous matrix [75] . In the case of fixing a small magnet (producing a field large enough to give rise to a significant Matteucci voltage) to a rotating disc, the Matteucci effect can be used to provide revolution counter and a rotational speed sensor [76] , which is somewhat similar to the principle shown in figure 6 for the case of axial bistability.
A novel current sensor device has recently been developed [77] making use of the bistable magnetic behaviour achievable in bent wires with small enough radius of curvature. The wire is toroidally wound and the conductor wire whose current is to be measured is placed co-axial to the toroid. The range of fields to be detected can be tailored by choosing appropriate values of the radius of curvature. The Matteucci voltage can be arranged for sensing discrete or continuous electrical currents.
Less attention has been paid to sensor devices based on the inverse Wiedeman effect, probably because of the more complex circuitry. The magnetic field and stress sensors are based on the decrease in the induced signal on a small pick-up coil wound around the wire (through which a current passes). In [78] , a change in the induced signal of 20 V mT −1 was reported for fields up to about 20 µT at a working frequency of 5 kHz. Alternatively, the same effect can be used as a stress sensor because an applied mechanical stress also reduces the induced voltage [79] . Another alternative is suggested in [80] , where asymmetric effects in the inverse Wiedemann effects produced by applied torsion and DC current are considered. Furthermore, the nearly total suppression of the single large Barkhausen jump in Fe-based wire when a DC current flows through the wire is very appropriate for use in torque sensors. An improvement in the figure of merit of 2 for a torque sensor using conventional strain gauge is to be compared with the value of 2000 reported for magnetostrictive amorphous wire for a measuring frequency of 300 Hz [81] .
Conclusions
The domain structure in the remanent state of amorphous wires and glass-coated microwires has been analysed as originating from the energetic balance between (i) the magneto-elastic anisotropy arising from the coupling between the magnetostriction coefficient and the mechanical stresses quenched during the fabrication process and (ii) the magnetostatic energy from the magnetic pole distribution at the ends of the wires. A strong magnetoelastic anisotropy is required for spontaneous existence of the so-called magnetic bistability which appears when the domain structure contains a single-domain inner core. In turn, the role played by the magnetostatic energy lies in the generation of closure domain structures at the ends, reducing the total energy. A correlation length which somehow is defined by the ratio between the two mentioned energies has been introduced here. The critical length required for a wire to exhibit spontaneous bistability is then determined to be twice that correlation length. Some general characteristics of glass-coated microwires are also introduced.
The general features of the different magnetization processes have been reviewed. Because of the cylindrical geometry, two natural magnetization processes have been analysed, namely the axial and the circular magnetization processes. In both cases, magnetic bistability characterized by a perfectly square hysteresis loop with a single large Barkhausen jump can be found for a particular domain structure. Crossed effects involving non-diagonal terms for the magnetic susceptibility (Matteucci and inverse Wiedemann effects) are also reviewed.
Applications making use of the different magnetization processes mentioned above are described. Most such applications are derived from the magnetically bistable character of amorphous wires such as in pulse generators, rotary and high-harmonics encoding systems, magnetic field and position sensor devices, or some magneto-elastic devices. Particular attention has been paid to some novel effects, such as the giant magnetoimpedance effect which has been proved to be especially relevant for magnetic field and current sensors. In this latter case, extremely soft magnetic material when magnetizing circularly is required; that is, material lacking the above-described phenomenon of bistability. Another experiment based on the Wiedemann effect and involving magneto-elasticity and chaos is reported here. Bifurcations and a chaotic system are found when simultaneously exciting with DC axial and AC circular fields. It should finally be added that, although a number of technological devices are already currently in use, the potential of new applications using amorphous wires is still open for further developments.
